Abstract: In this paper, a 10-Gb/s hybrid optical fiber (OF) and free-space optics (FSO) link as part of a bidirectional long-haul OF transmission for application in outdoor environments such as bridges is proposed. A fiber-Bragg-grating (FBG) sensor head is used for monitoring the condition of a bridge, and in the case of the bridge being damaged, the transmission path is changed over from OF to the FSO link to ensure link connectivity. An Erbium-doped fiber amplifier is used to compensate for losses due to the fiber cable and the free-space channel. At a bit error rate (BER) of 10e-9, the power penalty between the OF and FSO paths is < 1 dB, and the power variations for both paths are ±0.07 and ±0.12 dB, respectively. Index Terms: Free space optics, erbium doped fiber amplifier, fiber sensor, long-haul transmission system.
Introduction
Free space optics (FSO) systems have become an important research topic in recent years thanks to its infrastructure flexibility whilst offering license free, and cost effective, very-highspeed communications. FSO could simply be setup as a point-to-point transmission link in outdoor environment [1] , [2] as a backup in situation where the cable based telecommunications infrastructures are severely damaged due to natural and human made disasters. Thus, offering a viable high-speed communications facility for the medical and emergency services as well as the media reporters. Most research work reported so far and commercial systems available are based on the FSO or hybrid FSO radio-frequency-based technologies with a few on the hybrid optical fiber and FSO (HOF-FSO) schemes [3] - [6] . In [7] , an experimental work on a 2 Â 80 Gbps dense wavelength division multiplexing (DWDM) based bidirectional wavelength reuse optical wireless transmission is reported. In [8] , a FSO system with coupling single-mode fiber (SMF) optical fiber (OF) was reported, where collimators with a symmetrical configuration was used for focusing the light between the links two SMFs. However, no data was given on the performance of the proposed system. An ultra-high capacity system based on a passive optical network (PON) and a FSO link was reported in [9] . In this work, the FSO link is only utilized at the optical network unit (ONU) of the PON. In this paper, we propose and demonstrate a bidirectional crossbridge communications system, which includes the FSO link that could be used as a long-haul transmission backup link in emergency situations. In this system the FSO link is established across a bridge to provide emergency communications backup to the OF link, which could be damaged due to natural/artificial disasters. In additional, in FSO based link air humidity (or fine water particles in the form of fog) will result in signal attenuation. Since the transmission distance is too short, then the effect of fog (water droplet) induced attenuation is not that significant to effect the link availability [10] . A fiber Bragg grating (FBG)-based sensor is incorporated into the SMF for monitoring forces experienced by the bridge. On detecting unusual behaviors on the bridge due to external forces or in the case of the bridge structurally being damaged the transmission mode is promptly switched over from OF to the FSO link. In addition, we have used a pump sharing Erbium-doped fiber amplifier (EDFA) in both links to compensate for losses due to OF, optical components, and the FSO channel. We have developed a testbed to verify the system operation and evaluate its performance in terms of the link bit error rate (BER), eye-diagram and optical signal-to-noise ratio (OSNR).
The paper is organized as followed: Section 2 will present the proposed system and the experiment setup. The results and discussions will be given in Section 3, and the paper will be concluded in Section 4.
Experimental Setup
The proposed system made up of HOF and FSO links is depicted in Fig. 1 , which is composed of a wavelength selective coupler (WSC), an 1 Â 2 optical switch pairs (OSWs), and a FBG. The 1 Â 2 optical switch (Chin Optics cooperation, Model No YM141NL) has an insertion loss, a polarization dependent loss and a switching speed of 0.7 dB, 0.05 dB and 3.5 ms, respectively. In a 10 Gb/s modulated speed, the data loss for our 1 Â 2 optical switch are 10 10 Â 3:5 Â 10 À3 ¼ 3:5 Â 10 7 during port switching. Nevertheless, the proposal in this work is focused on emergency situation, so the data loss and system downgrade within duration of mini seconds are acceptable. To reduce the data loss, an electro-optical switch with a faster switching time down to sub-nanosecond [11] could be used instead. It is used to switch over between the OF and FSO paths. The absorption coefficient and the length of EDFA 1 are 5 dB/m@979 nm and 5 m, respectively. Whereas, the absorption coefficient and the lengths for EDFA 2&3 are 12.4 dB/m@979 nm, 2 m and 1 m, respectively. Using a combination of EDFAs, the minimum variation in power between the OF and FSO paths can be readily achieved. The pump laser diode (LD) was set at the central office, and the residual pump power was at 42 mW when switching to the upper (OF) or bottom (FSO) path. For the upper path, EDFA 1 not only acts as the gain medium, but it is also used as a light source for the FBG based sensor. The fabricated FBG with a large reflectivity of 99.7% is used to monitor the physical conditions of the bridge, and on detecting any problems the signal transmission path is changed over from OF to FSO. The FSO link is composed of two transceiver terminals (TT) with customized single mode (SM) collimators used for accurate alignment between the TT. A 10X objective lens and a convex lens with a diameter of 24 mm and a focal length of 13 cm are used to optimize the optical beam size and the power loss. Both the transmitter and receiver terminals in the original experimental setup were based on SM collimators to ensure low chromatic dispersion at a data rate of < 10 Gb/s. On the other hand, using the multimode (MM) collimator with a large core area together with the MM fiber makes helps signal alignment in the FSO system but at the cost of degradation of the system performance due to the chromatic dispersion in both the MM collimator and MM fiber. All the key parameters for the proposed system are shown in Table 1 . Fig. 2 shows a schematic diagram of the bidirectional long-haul OF transmission system including the proposed HOF-FSO system. Such a system could be used to connect to a number of parallel HOF-FSO links. The pump LD source is located within the central office between the CWDM and a 40-km SMF spool. In such case, the pump LD acts as a remote pump for the hybrid HOF-FSO system. Using higher pump power of 440 mW to compensate for the fiber loss of 0.22 dB/km @1480 nm, we observed no changes in the BER performance based on the location of the pump LD. In Fig. 2 each optical line terminal (OLT) contains four transmitters, four receivers, two array waveguide gratings (AWGs), an optical circulator (OC), and an EDFA. In addition, OLT on the left is composed of a coarse wavelength division multiplexing (CWDM), a tunable filter (TF), a power meter (PM) and an optical spectrum analyzer (OSA). CWDM is used to direct the reflected light from FBG within the HOF-FSO path to the monitoring unit.
In our previous work [7] , we reported that the FSO transmission distance can be extended by simply adjusting the position and parameter of the convex lens at terminals A and B, respectively. In this work, we have used a SM collimator as the transceiver terminal. The SM collimator can be readily connected to the OF cable. However, the small core area of the SMF will limit the FSO transmission span to only 40 m, which is long enough for installation in bridges. Fig. 3 illustrates the concept of laser beam transmission when employing convex lenses with SM and MM collimators. For a Gaussian beam propagating through the in free space channel, the spot size W ðzÞ will be a minimum value W 0 at one position along the z-axis, which is known as the beam waist. The relationship between the spot size and the distance z is given by where z 0 is the focal length [12] . Equation (1) shows that the transmission distance is proportional to the square of W ðzÞ. Therefore, in order to extend the transmission distance, a MM collimator could be used as the receiving terminal since the OF core area is an order larger than that of a the SM collimator. Note that the length of the MM connected to MM collimator needs to be kept short to avoid large fiber induced chromatic dispersion.
FBG Sensor
FBG can be used for sensing, such as strain, temperature, and refractive index, etc. [13] , [14] . Fig. 4(a) show a FBG used as the sensing head for the proposed system. The Bragg wavelength for this FBG is given by [15] B ¼ n eff Ã
where Ã is the period of grating and n eff is the effective index of the OF, which can be altered by means of applying a force ÁP and/or changing the temperature ÁT . The relationship between the wavelength shift Á, ÁP, and ÁT are given by [15] 
where Án eff and ÁÃ are the variation of effective index and the period of FBG, respectively. In this work, the FBG is coated with a layer of silicon as shown in Fig. 4(a) . It can increase both the sensing area and the applied force. The device fabricated was thick, and therefore, both ÁP and ÁT of the FBG were determined by the clastic and thermal properties of the silicon. Therefore, eq. (3) can be simplified as [16] 
where and E are the Poisson ratio and Young modulus of the silicon, respectively. is the thermal expansion coefficient of the silicon, k " and k T are the constants that depends on the photo-elastic coefficient and thermal expansion coefficient of the OF, respectively. Assuming the room temperature the second term of (4) could be neglected. Therefore, the wavelength shift induced by ÁP is given as
Obviously, Á has a linear relationship with ÁP.
Results and Discussion
First, we assessed the characteristics and performance of the FBG based sensor that was positioned along the bridge. The reflected signal from the FBG is transmitted to the OLT unit for monitoring the condition of the bridge. Fig. 4(b) shows the measured transmission spectrum of the high reflectivity FBG (> 25 dB), which were used in the system. The measured reflected lights from the FBG and the passband of TF are shown in Fig. 5(a) . Note that the wavelength of reflected light is shifted to longer wavelength with ÁP. Therefore the measured output power is decreased due to the insertion loss of TF. In Fig. 5(b) , the blacksolid and blue-dash curves are the measured output power and peak power, respectively. The peak power is defined as the peak of FBG reflected spectrum measured by an OSA; the total power including signal power and noise are measured using an optical power meter. Because the 3 dB bandwidth of TF is larger than the reflected light from FBG, the measured output power is higher than peak power. To verify the theoretical result, we also measured the relationship between Á and ÁP, showing a linear profile as shown in Fig. 4(b) , thus confirming the predicted data.
To verify overall system operation and evaluate its performance, we used a multi-channel laser array in the C band with wavelengths of 1545.50-, 1549.14-, 1552.38-, and 1555.48-nm for the downstream transmission, and 1547.35-, 1551.03-, 1554.07-, and 1557.05-nm for the upstream transmission. The launch power per channel was set at around −4 dBm. The measured power spectrums observed at the OLT and at output of the OF path after passing through a 40 km of SMF are shown in Figs. 6 and 7, respectively. For the OF path, see Fig. 7 , the output power of each channel is about 6 dBm, the power level variation between channels is <1 dB, the average power is −6.22 dBm, and the dynamic range is ∼39 dB.
For the case of FSO path, the output power spectra of both the downstream and upstream transmissions are depicted in Fig. 8 . The output power of each channel and the power level variation among channels are −6 dBm and ∼1 dB, respectively, as in Fig. 6 . The average power is −5.68 dBm, which is marginally lower than −6.22 dBm as in Fig. 7 . Note the power dynamic range for the downstream is the same as in Fig. 7 , whereas for the upstream, it is lower by ∼2 dB. This is due to the higher noise level as result of backward pumping and using a twostage EDFA. In order to verify the stability of the proposed system, we monitored and measured the power variation between the OF and FSO paths (see Fig. 2 ) for a duration of 20 minutes, and the results are illustrated in Fig. 9 (a) and (b) for both OF and FSO paths, respectively. Note that the power variations are ±0.07 dB and ±0.12 dB for the OF and FSO paths, respectively. The reason for higher value of power variation for the FSO path is because of sensitivity of the FSO link to the vibration, expansion, and contraction of a bridge.
To investigate the proposed HOF-FSO system for deployment across the bridge as shown in Fig. 2 , one channel at a wavelength of 1549.4 nm was externally modulated using a 10 Gb/s electro-optic modulator (EOM). We used a pseudo random bit sequence (PRBS) of length 2 31 À 1 in the non-return-to-zero (NRZ) signal format. Fig. 10 shows the measured BER performance for the 80 km transmission for both OF and FSO paths. At a BER of 10e-9, the power penalty between the OF and FSO paths is 0.73 dB, which is rather low. However, with more pump power available, the power penalties can be readily decreased by simply increasing the signal to noise ratio. Finally we measured the eye-diagrams of the OF and FSO paths using a digital communication analyzer (DCA), as depicted in Fig. 11(a) and (b) , respectively, thus demonstrating high quality signal transmission across both paths.
Conclusion
We have proposed and investigated a bidirectional long-haul optical fiber transmission, which included a hybrid OF-FSO system for emergency communications deployed across a bridge. The reflected signal from the FBG based sensor positioned along bridge was used to monitor the condition of the bridge. The relationship between wavelength shift and applied force of FBG was measured experimentally, which was used to predict the abnormal condition of the bridge, thus enabling the switching from OF transmission mode to FSO system. Signals attenuation mainly due to the SMF, the FSO channel and fiber components were compensated using a number of Fig. 8 . Measured output spectra of channels which propagate via the FSO path at point "B" (downstream) and point "A" (upstream), respectively. All channels were amplified by the EDFA inside this HOF-FSO system. Fig. 7 . Measured output spectra of channels which propagate via the OF path at point "B" (downstream) and point "A" (upstream), respectively. All channels were amplified by the EDFA inside this HOF-FSO system.
EDFAs. The output power levels between the optical fiber and FSO paths were less than 1 dB, whereas the power variation for both paths were ±0.07 dB and ±0.12 dB, respectively. For both OF and FSO paths the measured BER performance confirmed low error rates (i.e., 10e-3) with a very low power penalty of 0.73 dB between the OF and FSO paths for the 80-km transmission under test. In addition, the measured eye-diagrams also showed an acceptable performance over a long transmission range for the OF and FSO paths. With more pump power available and dispersion compensation schemes the system transmission span can be extended to 100 km. Though the paper has demonstrated a link with a bridge, in general, it is possible to have more bridges or infrastructures that require hybrid OF-FSO links to ensure seamless communications.
